mum of internal friction outcrops in all industries where casein is used in the form of its solutions; e.g., paper coating, sizings, paints, adhesives, nutritive preparations, dentrifrices, etc.
Two features are brought out in the viscosity curves which deserve separate treatment. On the one hand, as above mentioned, when casein is dissolved in sodium borate the maximum viscosity is attained at about pH 8.1 instead of pH 9.2 as is true for NaOH, KOH, and Li0H. Therefore a study of the anion effect is reported in Section II of these studies. Upon the other hand we observe a characteristic decline in the viscosity following the maximum and this decline is followed by a broad flattening of the curve. This effect has been correlated with the alkaline hydrolysis of the casein, whence numerous cleaved bodies are thrown into solution, such as ammonia, sulfides, phosphates, albumoses, etc. With the production of ammonia there is a flattening of the curve which has further significance when it is pointed out that solutions of casein in ammonia show a maximum viscosity, but this maximum, once attained at pH 9.2, continues without the characteristic decline. Thus, it will be appreciated that solutions of casein in ammonia generally maintain a higher viscosity. In Section III, therefore, the effect of alkaline hydrolysis upon the viscosity of casein will be dealt with separately.
Section IV will treat very briefly of the influence of high temperatures upon the viscousness of casein solutions, inasmuch as the author has treated of this factor somewhat more in detail in connection with the revision of the borax solubility test for caseins. 4
I. Relation Between pH and Viscosity of Solutions of Casein in Alkalies.
Since the earlier investigators in dealing with casein solutions made no attempt to study the effect of hydrogen ion concentration upon their viscosity it was found expedient to redetermine the viscosity curves of casein in alkalies using the hydrogen electrode as a check upon the reaction of the solutions. Chick and Martin 5 measured the effect of concentration of casein upon the viscosity but did not indicate whether or not the reaction of the solutions was held at constant pH. Consequently the writer has repeated these measurements, 5 Chick, H., and Martin, C. J., Kolloid. Z., 1912, xi, 102. being certain that the reaction of the casein solution was the same in all concentrations, pH 9.0 was chosen for these measurements because at this point we are in the region of maximum viscosity of casein in the ordinary alkalies.
Preparation of Solutions.--Alkalies.--Sodium, potassium, and lithium hydroxides were freed as far as possible from their carbonates by preparing concentrated solutions and allowing the carbonates to crystallize, then filtering or pouring the clear solutions from the precipitate. Molar solutions were then prepared of the respective compounds; M/1 solution of freshly distilled NI-I8 was also prepared.
Casein.--Casein was obtained by purifying a quantity of imported casein according to the method of Hammarsten as modified by Robertson. 1 This was designated by the symbol R. A casein, the history of which was completely known, so as to overcome the question of heated casein, was prepared by precipitating the casein from fresh, unpasteurized skim milk with dilute HC1 according to the grain curd method. 6 The casein was then dissolved in ammonia and reprecipitated twice in order to free it from salts and other impurities. It was then dried with concentrated alcohol without the use of heat. This casein was designated as G in the following studies.
In the preparation of all casein solutions for the different studies the casein was carefully weighed into a dry flask and 50 cc. of distilled water, which had been freshly boiled and cooled by drawing COs-free air through it while immersed in running cold water, were added with thorough shaking to prevent the finely divided casein from forming lumps. After soaking in the water for 30 minutes the requisite quantity of alkali (M/l) was added from a burette. The mixtures were set in a water bath controlled at 30°C. and when all the casein had dissolved (2 hours were allowed) they were made up to final volume with the distilled water described above.
Measurement of Viscosity.--Although many of the measurements of viscosity of casein solutions have been conducted in the past with the usual type of capillary viscosimeter the-present work was done almost entirely with a rotating disc instrument. The convenience of this latter type of instrument for the heavy casein soluClark, W. M., ZoUer, H. F., et al., J. Ind. and Eng. Chem., 1920, xii, 1163. tions is at once appreciated and for comparative measurements of such protein solutions is probably more nearly representative of their true internal friction because the measurements can be made quickly and with little molestation of their physical structure. 7
The writer chose the MacMichael viscosimeter which embraces the rotating disc because of its availability to those interested in checking the viscosity values of casein solutions. The double brass bowl furnished with the instrument was replaced by one designed especially for these investigations. The essential difference was the provision for accurately controlling the temperature of the water bath in the outer chamber so that the viscosity measurements could be made at known temperatures. Fig. 1 is a cross-sectional diagram of the bowl used. A represents the removable inner bowl of brass for holding the solution under measurement; B, the outer bowl which is made to fit on the turntable of the instrument; C, the brass supports for the inner bowl; D, a small spiral of nichrome wire wound around a silica tube for the heating unit, and is inclosed in a small tube of pyrex glass; E, a small mercury thermoregulator. D and E are suspended in the water bath F and held rigid; the rotation of the bowl by the driving mechanism produces the stirring effect. D and E are further operated through a relay with carbon lamps in series in the circuits. G is the suspended disc furnished with the instrument. (For further comments on the MacMichael viscosimeter see Herschel.8) The values given for the viscosity of the various casein solutions are those obtained by subtracting the viscosity of the solvent at the temperatures measured from the total viscosity of the solution expressed in the divisions marked on the dial of the instrument. They are not absolute values, therefore, but only relative; the same relation would doubtless hold for any type of viscosimeter. The viscosity was measured at 25°C.
Determination of pH.--In the first instances of the work the reaction of the casein solutions was gauged by the use of the sulfonephthalein indicators similar to the method since described by Haas. g Five drops of the casein solution were placed on the inner surface of a small porcelain crucible lid and one drop of a water solution of the indicator was added (0.04 per cent indicator solution). This was compared to the same quantity of indicator in a mixture of four drops of buffer standards (Clark and Lubs standards) plus one drop of 1 per cent starch paste, on a similar background.
It was later found that the values given by the above method were incorrect and the error was not constant but varied with the indicator and with the region of the pH scale. The hydrogen electrode was used, it consisted of the rocking electrode type described by Clark, 1° using saturated KCI junction and saturated calomel electrode. The platinum electrodes were first plated with gold and then with lO Clark, W. M., The determination of hydrogen ions, Baltimore, 1920. a smooth coat of iridium. A well plated electrode lasted during one complete run of a single series of casein solutions titrating from the acid end of the series toward the alkaline end, usually about eight consecutive determinations.
The hydrogen ion concentrations of the various solutions were determined without dilution at 30°C. They were also determined after equal time intervals of contact of casein and solvent (2½ hours), immediately following the viscosity determination.
Effect of the Concentration of Caseinate on the Viscosity at Constant pH.
As previously mentioned pH 9.0 was chosen as the arbitrary reaction to which all the solutions were adjusted for these measurements. Casein R was employed and it was measured into wide mouthed flasks in the quantities necessary to yield the various concentrations represented on the curve in Fig. 2 as the experimental points. They were soaked in water, and the required amount of M/1 NaOH was then added to reach pH 9.0 (electrometric) after adjusting to final volume. In calculating the concentration of caseinate, allowance was made for the moisture (2.10 per cent) in casein R. Viscosity-pit Measurements of Casein in NaOH, NH4OH, KOH, and
LiOH.
The interest in the foregoing viscosity-concentration curve lies in choosing the proper concentration of caseinate solutions for the extensive viscosity measurements. By reference to Fig. 2 we find that a 9 to 10 per cent caseinate solution is in the region of maximum sensibility to differences in reaction and to other factors such as salts, or ion effects. It was decided, therefore, to dissolve 10 gm. of Casein R or G in 100 cc. of solvent solution in every case. As the alkali was varied in each mixture the water was varied correspondingly so that the total volumes of the two were always 100 cc. This gave solutions containing approximately 9 per cent of caseinate.
For brevity the tables of each individual set of experiments are omitted and the data as far as possible are presented in Fig. 3 . Only the data for G dissolved in NaOH are included, since G seemed to conduct itself in all respects similar to R. All the pH values are the result of electrometric determination. Fig. 3 contains the viscositypH curves of the four hydroxides studied. ,.o d There are two noticeable characteristics among the various curves. In the proximity of pH 9.0 the different alkalies reach their maximum viscosity with casein. This is so uniform that we are safe in saying that casein shows its maximum viscosity at this reaction except, as the data in Section II will show, when it is dissolved in the presence of certain anions such as borates. The magnitude of this maximum viscosity varies somewhat with the alkali, being greatest with NI-I40H and least with LiOH, though the difference is apparently of little immediate importance.
The viscosity drops precipitously following the maximum with each alkali except NI-I4OH. In this case there is a slight fall but it continues to remain high even in great concentrations of ammonia (50 cc. of ~/1 to 10 gin. of casein). At pH 10.5 with NaOH, K O H , and LiOH there is an evolution of NH3 from the solutions, shown by white fumes with concentrated HC1 and by turning methyl red to yellow (methyl red paper was held above the solution). Following pH 10.5 the viscosity is constant and about parallel to the ammonium hydroxide curve. This serves to show that in these concentrations of alkali the casein is furnishing NHHa to the solutions so that they simulate the influence of the pure ammonium curves. Hence the flattening could be attributed to the accumulation of NHa. This will be dealt with further in Section III.
Robertson calls attention to the relation between the ionization of protein solutions and their viscosity. 1 The viscosity increases with the electrolytic dissociation of the proteins; of course as ionization is conceived to be zero (or in electrochemical equilibrium) at the isoelectric point, we find simultaneously with the isoelectric condition a minimum viscosity. Hence Robertson points out ~ that at the point of maximum base-binding capacity, or saturation with base, there should be a maximum viscosity. If we note the quantity of NaOH that is necessary to cause the casein to attain its maximum viscosity at pH 9.2 we find that for each gram of moisture-free casein 0.98 cc. of normal NaOI-I was required (average of eight determinations). At this point 1 gin. of casein had combined with 98 × 10 -5 gram equivalents of alkali. This value is slightly greater than one-half the value obtained by Robertson (180 × 10 -5) using the gas chain method, u The writer employed very concentrated solutions (8 to 10 per cent) of casein, while Robertson worked with very dilute solutions and this may be responsible for the difference in observations. In two instances, the writer allowed the concentrated casein solutions 11 Robertson, T. B., J. Physical Chem., 1910, xiv, 528 . The high concentrations of casein used by the writer have given values for the pH of the maximum viscosity, considerably different from those observed by Loeb in working with dilute solutions. (Loeb, J., J. Gen. Physiol., 1921, iii, 357 .) The interval between the preparation of the casein solution and the determinations of the pH seemed ample for the equilibrium.
to stand for 30 hours, but the relative values remained the same; that is, the maximum viscosity occurred when the casein had combined with 9 0 -1 0 0 X 10 -5 gram equivalents of base. When 180 × 10 -5 gram equivalents of alkali were added to 1 gin. of casein in the writer's studies, the viscosity had fallen to a minimum, or on the flat part of the curve, and the pH was greater than 10.5. This would indicate that hydrolysis is taking place at this combining capacity, or at least it is in the first stages.
II. Anion Influence on the Viscosity of Casein Solutions.
The anions studied in this connection were those resulting from the ionization of the following salts: Na3PO4, NaF, Na2SO~, Na~B,OT, Na2CO3, Na~sO,, and Na~SiOs. Casein is readily soluble in solutions of the above salts. It is also readily soluble in solutions of the neutralized acids (neutral sodium salts), such as citric, oxalic, tartaric, etc., but these viscosity data are not presented.
The method used in preparing the casein solutions was essentially the same as that for the pure alkalies described in Section I. The casein was first soaked in 50 cc. of water and the solvent then measured into each quantity; they were then made up to volume. After the regular time interval (2½ hours), the viscosity and hydrogen ion concentration were measured exactly as in Section I. Fig. 4 shows the viscosity curves plotted from the experimental data.
The curve for sodium carbonate is necessarily similar to the NaOH curve. Naturally, if the curves represented the data for viscosity plotted against concentration of salt solution instead of pH we would observe wide variations in the gradient of the various curves corresponding to the differences in the dissociation of the solvents. Since the degree of internal friction varies more pronouncedly with the pH than with the concentration of molecules of the solvent, we are correct in representing the values as given in Fig. 4 . It was impossible to use the hydrogen electrode in the sodium sulfite solutions for the determination of pH, because of fluctuating potentials probably resulting from sulfur dioxide which permeates the solutions. The dissociation constant of sulfurous acid is less than that of casein and this accounts for the formation of SO2 in the solutions. The pH was determined roughly by the spot test with sulfonephthalein indicators.
The curve for sulfite is not presented because of the inaccurate pH data. But a maximum viscosity was obtained, using the same time interval as employed in the other data, in a region corresponding to a pH of 6.4 to 6.6. What this may mean is difficult to interpret with the meager data at hand. No attempt was made to remove SO2 from the solutions before taking measurements. With sodium arsenate a precipitation was observed at the point of maximum viscosity; the precipitate increasing in quantity with the increasing pH. The hydrogen electrode potentials were very steady. On the other hand sodium silicate solutions of casein gave unsteady potentials, although they were somewhat more steady than with sulfite. The pH values for sodium silicates as given are correct within 0.1 pH.
Many of these salts are employed in casein water-resisting glues to combine with the excess of calcium oxide used as solvent for the casein. Certain ones will effect the setting time of the glues, thereby regulating the smoothness of the product. The above data on viscosity influence of these salts should indicate the choice of correct solvents for particular purposes.
The peculiar behavior and place of borax among these curves should not be passed without remarking that the phenomenon may possibly be traced to the influence of polyhydroxyl groups upon the dissociation of boric acid. Glycerol, mannitol, and various sugars are known to cause increased dissociation of boric acid which permits of the determination of boric acid by titration. The presence of tyrosine in casein suggests that casein may contain free hydroxyl groups, and these have indeed been demonstrated by the preparation of acylated products. It is possible that casein will act similarly toward boric acid thus erecting the displacement of the maximum viscosity.
H I . Alkaline Hydrolysis of Casein as Influencing Its Viscosity.
Section I of this series.showed that when casein is dissolved in alkalies other than NH4OH the viscosity of the solutions containing the same concentration of casein increases as the pH increases up to 9.2 after which the viscosity sharply drops to the region of pH 10.5 after the viscosity remains fairly constant. In case of NH, solutions of casein there is not such a drop after reaching the maximum viscosity (temperature of solutions 25°C). The odor of all casein solutions, the pH of which are pH 10.0 or more, is distinctly ammoniacal. Moist litmus paper becomes blue when held above these solutions, while strong HC1 evolves dense white fumes when brought in their vicinity.
Dakin and Dudley TM have prepared what they term racemized casein by treating casein with 2 per cent NaOH for several hours, or until the specific rotation has decreased to zero. They observe that ammonia is evolved, that the racemized casein contains a low content of phosphorus, and describes the process of decrease in rotation I~ Dakin, H. D., and Dudley, H. W., J. Biol. Chem., 1913, xv, 263. as one of racemization or a keto-enolic tautomerism. Whatever explanation might serve to describe the change taking place in the molecule to effect the optical properties, there is a far greater fundamental change taking place in the casein molecule in the presence of these concentrations of alkalies which has received little attention. Maynard 18 has shown that NaOH of 2 per cent concentration also cleaves loosely combined sulfur from the casein molecule, a fact apparently noted by Dakin and Dudley. t2
The writer has been able to prepare an acid-precipitable product, from the action of 2 per cent NaOH upon casein, that contains no sulfur, no nitrogen in the free amino form, and only a trace of phosphorus. The action of the alkali upon the casein proceeded for 6 days at 30°C. The gelatinous solution was diluted with water and treated with dilute acetic acid. The curd or precipitate was collected and thoroughly washed with water containing a trace of acetic acid. It was then thoroughly washed with distilled water and dried to constant weight, and analyzed for amino nitrogen, sulfur, and phosphorus. The action of alkali upon the casein has been more severe than a racemization or enolization, and it is quite likely that the loss of amino nitrogen, sulfur, and phosphorus from the casein molecule is partially responsible for the decline in rotation observed by Dakin and his coworkers.
In applying this knowledge to the explanation of the flattening of the viscosity curves in the alkaline zone the writer has found that the cleavage of sulfur and phosphorus is simultaneous with the cleavage of amino nitrogen. They both commence at nearly the same intensity of hydroxyl ion concentration, or, reciprocally, at about the same pH (10.0 to 10.5). The hydrolysis also commences as soon as the casein is dissolved in solvent at this pH. Within 6 hours nearly ½ the phosphorus and sulfur had been cleaved from the casein at pH 11.1 (9 per cent casein solution). When a few drops of CuSO4 solution are added to the flasks containing solutions of casein for viscosity measurements, it is observed that the characteristic biuret color develops within a few minutes in those solutions which are found to evolve ammonia, and the depth of violet color increases with time and with increasing pH. All casein solutions at pH 10.0 to 10.5 and higher pH responded to the copper reaction; if dilute acid is added to the casein solutions, which contain copper, and give the violet color, a dark color is formed owing to the formation of peptized copper sulfide.
The protein body which is precipitated from the alkaline hydrolysate of casein by the addition of dilute acids is, as described by both Dakin and Maynard, very gelatinous. It forms a clear transparent gel of high viscosity. The formation of this hydrolytic product from casein in the presence of the liberated NH~ is believed to be responsible for the flattening of the viscosity curve at pH greater than 10.0.
The quantity of nitrogen split off from casein by the alkaline hydrolysis was found to be nearly ½ the lysine nitrogen of the original casein and designated as free amino nitrogen by Van Slyke and Birchard. 14 It can be stated with a sense of security that in solutions originally containing casein of which the pH are greater than 10.0, we are no longer dealing with casein but with protein-cleaved products. The flattening of the viscosity curve is coincident with the alkaline hydrolysis of the casein.
Furthermore the glues and adhesives formed from casein are ultimately a mixture of these cleaved products. It seems necessary now to determine the relative adhesive power of pure caseinate and the protein body which constitutes the larger bulk of the casein alkaline hydrolysate.
IV. Temperature as Effecting the Viscosity of Casein Solutions.
If we heat solutions of casein in alkalies (NaOH) to the boiling point and allow the solutions to cool spontaneously the resulting viscosities as measured at 25°C. are very little different from the viscosities of the unheated solutions at equivalent pH. Upon the other hand if the casein is precipitated from its solutions, after they have been heated, by acid and is then dried the resulting casein again dissolves in alkalies to furnish solutions of much higher viscosity. 1, Van Slyke, D. D., and Birchard, F. J., J. Biol. Chem., 1913, xvi, 539. Upon another occasion the writer has shown the effect of the heat treatment of milk upon the optimum temperature for acid precipitation of casein 15 and at the same time presented some data to show that this denaturation of the casein affected its hydrophyllic properties. 6,~5 Again the conduct of casein, heated and unheated, toward borax solutions in the borax solubility test* emphasized that casein which had been subjected to high temperatures imbibes more water in solution and thereby produces greater internal friction or viscosity; in many instances they gel where normal casein solutions flow readily. The writer has further shown the formation of/~ casein in highly heated casein solutionsY
To show the effect of heat treatment of casein upon its viscosity in NaOH several experiments were conducted, two of which are described. Fresh skim milk was divided into two portions, A and B. The casein was precipitated from A according to the normal grain curd method e without heating the milk externally above 34°C. B was pasteurized at 65°C. for 45 minutes and the casein was precipitated from it with the modified grain curd method describedby the writer. ~4 The two moist caseins were dried under the same conditions in an air current at 40°C. The viscosities of the resulting caseins Ao and Bo were measured at 25°C. in the MacMichael apparatus as modified. Casein Bo contained 0.45 per cent more ash than Ao.
E X P E R I M E N T I.

Concentration
Casein.
Viscosity The other experiment mentioned above consisted in pasteurizing a 6.0 per cent solution of Casein R dissolved in NaOH at 80°C. for 30 minutes. The solution was cooled thoroughly and its viscosity at 25°C. was compared to the viscosity of a similar solution that had not been pasteurized. t5 Zoller, H. F., J. Ind. and Eng. Chem., 1921, in press. 16 Zoller, H. F., Chem. Abst., 1921, xv, 401-02. with the MacMichael instrument from 71.0 before pasteurizing to 69.0 after pasteurization. When the casein is separated from the milk serum salts and dried, its hydrophyllic properties are changed and it can then imbibe more water. Inasmuch as borate solutions buffer in the region of maximum viscosity of casein solutions it is peculiarly well suited to the differentiation of heated and unheated caseins, from the standpoint of their power of imbibition. Fig. 5 shows the viscosity-pH curves of two caseins; one of a casein prepared without heat treatment, the other of some of the same casein precipitated from NaOH solution (pH 7.2) after the solution had been boiled for 20 minutes; the casein was dried with alcohol. The viscosity of the heated casein is nearly twice that of the unheated. The conditions of measurements were the same and the solvent was M/I Na0H.
SUMM~d~y.
1. Viscosity and pH curves of casein dissolved in NaOH, KOH, LiOH, and NI-I,OH are shown and it is found that a maximum viscosity occurs at about the same pH point with each alkali; i,e., 9.1 to 9.25. The magnitude of the viscosity is largest in ammonia solutions.
2. The maximum viscosity occurs in 8 to 10 per cent solutions of casein in alkalies when about 98 X 10 -~ gram equivalents of base are combined with 1 gram of casein.
3. A maximum viscosity occurs in the same region (pH 9.1 to 9.25) when casein is dissolved in Na2CO,, Na3AsO4, Na~SOs, NaF, and Na2PO3.
4. The ma,.clmum viscosity obtained with borax solutions of casein occurs at 8.15 to 8.2 pH. It is suggested that casein acts like mannitol, glycerol, etc., in increasing the dissociation of boric acid.
5. The flattening of the viscosity curves of casein solutions, following the decline from maximum, is shown to be due to alkaline hydrolysis whence casein no longer exists as such but is cleaved into a major protein containing no phosphorus or sulfur and less nitrogen. This cleavage commences at pH 10.0 to 10.5.
6. When casein is prepared from solutions that have been subjected to high temperatures (60°C. and above) or has otherwise been heated during its preparation, it yields solutions in alkalies of high viscosity.
